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Available online 3 January 2014AbstractThe larch forests on the permafrost in northeastern Mongolia are located at the southern limit of the Siberian taiga forest, which
is one of the key regions for evaluating climate change effects and responses of the forest to climate change. We conducted long-
term monitoring of seasonal and interannual variations in hydrometeorological elements, energy, and carbon exchange in a larch
forest (48150240 0N, 10651030 0E, altitude: 1338 m) in northeastern Mongolia from 2010 to 2012. The annual air temperature and
precipitation ranged from 0.13 C to 1.2 C and from 230 mm to 317 mm. The permafrost was found at a depth of 3 m. The
dominant component of the energy budget was the sensible heat flux (H) from October to May (H/available energy [Ra] ¼ 0.46;
latent heat flux [LE]/Ra ¼ 0.15), while it was the LE from June to September (H/Ra ¼ 0.28, LE/Ra ¼ 0.52). The annual net
ecosystem exchange (NEE), gross primary production (GPP), and ecosystem respiration (RE) were 131 to 257 gC m2 y1,
681e703 gC m2 y1, and 423e571 gC m2 y1, respectively. There was a remarkable response of LE and NEE to both vapor
pressure deficit and surface soil water content.
 2014 Elsevier B.V. and NIPR. All rights reserved.
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The concentration of atmospheric CO2 has
increased from a pre-industrial value of about
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http://dx.doi.org/10.1016/j.polar.2013.12.004cover 30% of the land surface and store 45% of
terrestrial carbon, and can sequester large amounts of
carbon annually (Bonan, 2008). Luyssaert et al. (2007)
have made a comprehensive analysis of the carbon
budget using data from 513 forest sites from all over
the world. They showed that the gross primary pro-
duction (GPP) of forests, which is the gross uptake of
CO2 that is used for photosynthesis, benefited from
higher temperatures and precipitation. On the other
hand, the net ecosystem production (NEP), which isreserved.
167S. Miyazaki et al. / Polar Science 8 (2014) 166e182the balance of net primary production (NPP), that is,
the balance of photosynthesis and autotrophic respi-
ration and heterotrophic respiration, was found to be
independent of annual temperatures and precipitation
(Luyssaert et al., 2007). They suggested that the carbon
budgets of semiarid forests (boreal, temperate, and
tropical) would benefit most from additional data in-
puts due to small sample sizes and high variability
among sampled sites. Boreal forests had a consistent
average sink of 0.5  0.1 PgC y1 for 1990e2007 and
Asian Russia had the largest carbon sink in boreal
forests (Pan et al., 2011). Schulze et al. (1999) argued
that European forests have a higher total net primary
productivity than Siberia (1.2e1.6 vs.
0.6e0.9  1015 gC per region per year), despite a
smaller area, because of differences in growing season
length, climate, and nutrition. In East Asian forests,
there is a clear linear relationship between annual GPP
and annual mean air temperature (Hirata et al., 2008).
Hirata et al. (2008) also found a strong exponential
relationship between annual ecosystem respiration
(RE) and annual mean air temperature. In their anal-
ysis, the photosynthetic photon flux density influenced
the seasonal and interannual variation of GPP of sub-
arctic and temperate forests while GPP was not influ-
enced at the other sites. Kato and Tang (2008) esti-
mated that the net ecosystem exchange (NEE: negative
NEE indicates sequestration of carbon from the at-
mosphere into the terrestrial ecosystem) at forests in
boreal Asia was 132.6  73.7 gC m2 y1, which
correlated linearly with mean annual temperature and
logarithmically with precipitation. They suggested that
additional information should be obtained in the future
from arid areas of Asia to evaluate the effect of drought
on the NEE. In addition, they pointed out that the
shorter period of measurement may cause significant
bias in some ecosystems due to the failure to account
for the effect of disturbances. There have been limited
studies regarding the long-term carbon budget of sub-
arctic forests.
Surface climate is determined by the balance of
fluxes, which can be changed by radiative (e.g., albedo)
or non-radiative (e.g., water-cycle-related processes)
terms. Both radiative and non-radiative terms are
controlled by details of vegetation (Denman et al.,
2007). The atmosphere both controls and responds to
the partitioning of solar energy into sensible and latent
heat (evaporation) fluxes at vegetated surfaces, largely
because of stomatal regulation. Evaporation is also a
major component in the water balance, influencing
water availability and so on, and influences ecosystem
dynamics including carbon sequestration and storage(Kelliher et al., 1997). Forests have low surface albedo
and can mask the high albedo of snow, which con-
tributes to planetary warming through increased solar
heating of the land. The ratio of evapotranspiration to
available energy is generally low in forests compared
with some crops and lower in conifer forests than de-
ciduous broadleaf forests (Bonan, 2008). The boreal
forest, one of the world’s larger biomes, is distinct
from other biomes because it experiences a short
growing season and extremely cold winter tempera-
tures (Baldocchi et al., 2000). In boreal forests in
Canada, the evapotranspiration rate was less than
2 mm d1 over the growing season for coniferous
species according to the observations of the Boreal
Ecosystem Atmospheric Study (BOREAS; Sellers
et al., 1995). The coniferous sites of BOREAS were
observed to have the lowest growing season albedos for
any vegetated surface that we know of, about 0.08, and
the winter albedo was around 0.25 (Sellers et al.,
1997). Despite the potential importance of the Sibe-
rian taiga in the Asian boreal region’s surfaceeatmo-
sphere energy exchange for regulating the Northern
Hemisphere climate, there was little study of surface
fluxes in this region (Kelliher et al., 1997). They
showed that the average daily evaporation was
1.9 mm d1 in a 130-year-old stand of larch trees
(Larix gmelinii) located 160 km south of Yakutsk in
eastern Siberia, which is relatively low. Although
their observation was for only 2 weeks in July, the
mean evapotranspiration rate was 1.16 mm d1 from
April 21 to September 7, 1998, while it was
1.5 mm d1 for the growing season from June 1 to
August 31 in a larch forest near Yakutsk in eastern
Siberia (Ohta et al., 2001). Ohta et al. (2008) found
that the annual evapotranspiration, including intercep-
tion loss, was relatively steady at 169e220 mm y1
compared with the wide range in annual precipitation
(111e347 mm y1) for 7 years from 1998 to 2006 in a
larch forest in eastern Siberia at the same site as
Ohta et al. (2001). Dolman et al. (2004) revealed that
the average evapotranspiration rate of the forest
approached 1.46 mm y1 during the growing season,
with peak values of 3 mm y1. Most studies were
based on a single year of measurement except for Ohta
et al. (2008). They pointed out that the interannual
variation of evapotranspiration was small, but the
yearly evapotranspiration coefficient (the ratio of
evapotranspiration to potential evaporation) ranged
from 0.30 to 0.45, which suggests that the interannual
variation of evapotranspiration was controlled by the
regulation of the land surface rather than by atmo-
spheric demand. They also suggested that the soil
168 S. Miyazaki et al. / Polar Science 8 (2014) 166e182moisture content was the most important variable
among the factors determining the evapotranspiration
coefficient at an interannual temporal scale.
Sugimoto et al. (2002) showed that larch trees used
rainwater during a wet summer, but meltwater from
permafrost was used during a drought summer ac-
cording to their analysis of the stable oxygen isotopes
(a useful tracer to determine the origin of water) from
plant water (sap water), soil water, and summer pre-
cipitation in east Siberia. Soil water stored in the upper
part of the active layer (from the surface to about
120 cm) can be a water source for transpiration in the
following summer while the soil water stored in the
lower part of the active layer would not be used by
plants in the following summer (Sugimoto et al., 2003).
The foliar oxygen isotopic composition indicated that
during most of the growing season, larch trees took
water from the upper 30-cm soil layer, and the deeper
layer when the water supply at the upper soil layer was
limited (Li et al., 2006). In July and August, larch trees
in the forests of Mongolia tended to shift their water
uptake to shallow depths in response to recent rainfall,
but during June and September, the depth of water
uptake was unclear based on stable water isotope
analysis (Li et al., 2007a). As they did not sample the
soil water from deeper layers, there were still unknown
processes of water uptake by larch trees. Regarding the
water use efficiency of larch in Mongolia, Li et al.
(2007b) showed that the Mongolian larch forest ex-
hibits a higher water use efficiency than that by the
other larch forests with a strong seasonal variability
based on the carbon isotopic composition of the plant
tissue as a surrogate for evaluating plant water use
efficiency, which is likely to be an adaptive strategy for
growth and survival of the larch trees in this cold semi-
arid environment.
As climate change by global warming continues, the
ecosystem at ecotones (boundaries between two kinds
of biomes) might be affected. The southern limit of the
Siberian taiga forest and permafrost are located in
Mongolia, where there is an ecotone between forest
and steppe. The closed forests occupy 12.7 million ha,
8.1% of the land area of Mongolia, and are dominated
by larch (Larix sibirica) forests, which comprise 75%
of the forested area (Tsogtbaatar, 2004; Ykhanbai,
2010). In northeastern Mongolia, permafrost was
found beneath north-facing forested slopes and flat
pasture plains where it is overlain by a wet active layer,
while permafrost was absent beneath south-facing
pasture slopes characterized by a dry active layer
(Ishikawa et al., 2005). Disturbances in the forest such
as fire, logging, and pest outbreaks have negativeimpacts for the forests (Tsogtbaatar, 2004; Ykhanbai,
2010). Climate change has caused remarkable in-
creases in air temperature (1.8 C in the past 60 years)
and changes in precipitation (7.5% decrease in summer
and 9% increase in winter) in Mongolia (Batima et al.,
2005). These climate changes and human impacts (e.g.,
logging and grazing) might affect the ecosystem of
Mongolia, especially for forest distribution. Since de-
clines of productivity and regeneration are more
widespread in the Mongolian taiga than the opposite
trend, a net loss of forests is likely to occur in the
future, as strong increases in temperature and region-
ally differing changes in precipitation are predicted for
the twenty-first century (Dulamsuren et al., 2010).
Drought is a key factor explaining the forestesteppe
borderline in northern Mongolia and may decrease
with increasing aridity due to global warming
(Dulamsuren et al., 2008). Tree-ring widths increase
with decreasing summer temperatures, increasing pre-
cipitation during the growing season, and decreasing
winter precipitation (Dulamsuren et al., 2011).
To clarify the climate change effect on forest
growth, a better understanding of the hydrometeoro-
logical and carbon cycle processes is required. There-
fore, we need more long-term monitoring data in larch
forests of Mongolia. However, the energy and carbon
budget studies of larch forests of Mongolia are limited.
The annual cumulative NEE was 120 to
150 gC m2 y1 from 2003 to 2005, indicating that
the forest acted as a net sink of CO2 over a montane
larch (L. sibirica) forest in Mongolia (Li et al., 2005;
Hirata et al., 2008). Since one of these studies was of
a single year (Li et al., 2005), while the other was a
multiyear study, but only using mean annual values
(Hirata et al., 2008), the multi-year seasonal variation
of energy and carbon fluxes of Mongolian larch forests
is still unknown. These studies also did not show the
energy budget and its relationship with the carbon
budget.
This study aims to investigate the interannual
(2010e2012) and seasonal variation of the energy and
carbon budgets to clarify the effect of climate vari-
ability on the energy and carbon exchanges over the
larch forest on the permafrost in northeastern
Mongolia.
2. Material and methods
2.1. Observation site
Long-term monitoring of the energy and carbon
balances and hydrometeorological elements and
169S. Miyazaki et al. / Polar Science 8 (2014) 166e182phenological camera monitoring have been carried out
at the Udleg Forest Research Station (UFRS) of the
National University of Mongolia (NUM) (481602400N,
106510300E, altitude: 1338 m), Batsumber district, Tov
province using a 25-m tall tower (Fig. 1) over a larch
forest on the permafrost area of northern Mongolia
since January 2010. The UFRS is located 50 km north
of Ulaanbaatar, the capital city of Mongolia. Fences
protect 2 ha of the forest around the tower from grazing
and illegal logging. The main forest types in the UFRS
are larch (L. sibirica Ledeb.) forest, white birch (Betula
platyphylla Suk) forest, and a mixed boreal forest
including evergreen conifers (Otoda et al., 2012). In a
mature stand near the UFRS without fire damage, the
same as the forest around our tower, the total basal area
was 30.89 m2 ha1, including 8.13 m2 ha1 for B.
platyphylla (birch), 18.42 m2 ha1 for L. sibirica
(larch), 4.18 m2 ha1 for Picea obovata (spruce), and
0.16 m2 ha1 for Pinus sibirica (pine) (Otoda et al.,
2012). The average height and diameter at breast
height of larch trees were 18.3 m and 33.2 cm,
respectively. The average age of larch trees was 70e90
years and the maximum age of larch trees was about
300 years old. Large forest fires occurred near the
UFRS in 1968, 1996, and 2005 (Otoda et al., 2012).Fig. 1. Photo of the tower at Udleg Forest Research Station.2.2. Observation methods and data
The air temperature and relative humidity was
observed by hygrothermometer at 1.5 m (HMP45C,
Vaisala Inc., Helsinki, Finland) and 27 m (WXT520,
Vaisala Inc., Helsinki, Finland) above the ground. The
wind speed and direction, air pressure, and precipita-
tion were observed by a weather sensor at 27 m above
the ground (WXT520, Vaisala Inc., Helsinki, Finland).
The incoming and outgoing shortwave and longwave
radiation (NR01, Hukseflux, Delft, Netherlands) and
photosynthetically active radiation (ML-20P, Eiko,
Tokyo, Japan) were observed at 5 and 27 m above the
ground. The soil temperature was measured by plat-
inum resistance sensors at depths of 0.2, 0.4, 0.8, 1.2,
1.8, 2.5, 3.5, and 4.5 m (107, Campbell, Logan, Utah,
USA) and at depths of 0, 1, 2, 3, 4, 6, 8, and 10 m
(TMC-HD and U12, Onset, Bourne, MA, USA). The
sensors were calibrated (Ishikawa et al., 2005, 2012).
The soil water content was measured using frequency
domain reflectometry sensor at depths of 0.1, 0.3, 0.7,
0.9, 1.3, 1.8, and 2.3 m (EnviroSMART, Sentek Pty
Ltd., Australia). This sensor measures the soil water
content based on the difference of dielectric constant
between the air (1) and the water (<81). There were no
hydrometeorological data from January and February
in 2010 (air temperature was gap-filled using sonic
anemometer temperature using a linear regression with
hygrothermometer data) due to instrumental failure,
but there were no missing data in 2011 and 2012. All
hydrometeorological data was sampled at 1-min in-
tervals and averaged or totalized for 10 min. The in-
terval camera (CH-IVCA13, Climatec Inc., Tokyo,
Japan) for in situ phenological monitoring was set at
26 m on the top of the tower starting in March 2010.
There were almost no missing interval camera data
except from May to early August in 2011.
We also used the operational data to support our
analysis. The normal climate value of air temperature
and precipitation from 1981 to 2010 at Ulaanbaatar
was obtained from the Japan Meteorological Agency
(http://www.data.jma.go.jp/gmd/cpd/db/monitor/
nrmlist/).
2.3. Data processing
We observed the 3-dimensional wind speed, air
temperature, water vapor concentration, carbon diox-
ide concentration and air pressure with 10 Hz intervals
with a sonic anemometer-thermometer (81000, RM
Young, Michigan, USA) and open-path infrared gas
analyzer (LI7500, Licor Inc., Lincoln, Nebraska, USA)
170 S. Miyazaki et al. / Polar Science 8 (2014) 166e182at 27.3 m above the ground. We calculated the sensible
heat, latent heat, momentum, and carbon dioxide fluxes
by the eddy covariance method using TK3 software
(Mauder and Foken, 2011). We applied spike removal,
cross wind correction (Liu et al., 2001), conversion of
buoyancy flux into sensible heat flux, path-length for
Moore correction (Moore, 1986), coordinate rotation,
planar fit rotation (Wilczak et al., 2001), and WPL
correction (Webb et al., 1980) for calculating fluxes by
TK3. The calculated fluxes were evaluated based on
the quality control scheme of TK3 for steady state,
integral turbulence characteristics after Foken et al.
(2004). The nighttime flux data under calm condi-
tions was eliminated using a friction velocity u*
threshold algorithm (Reichstein et al., 2005). In this
study we set the u* threshold to 0.2 m/s because the
annual NEE was not changed when the u* threshold
exceed 0.2 m/s. The u* threshold value of 0.2 m/s in
our study was similar to previous studies (e.g., Li et al.,
2005; Nakai et al., 2008). For the energy, water, and
carbon flux data, there was a data gap due to instru-
mental failure in early March, from late May to middle
July, and in middle and late December in 2010. In
2011, there was a data gap for the flux data due to
instrumental failure from January to early February
and from late August to mid-September. In 2012,
there was a data gap for the flux data due to instru-
mental failure from mid-March to mid-May and in the
latter half of December. To estimate the daily and
annual time scale fluxes, we applied the standardized
gap-filling procedure (Falge et al., 2001; Reichstein
et al., 2005) to fill the observation gaps in half-
hourly flux data using the Flux Analysis Tool (FAP;
Ueyama et al., 2012). The ratio of observed values to
the gap-filled flux data was 65%, 68%, and 61% in
2010, 2011, and 2012, respectively. The rest of the flux
data were estimated using a look-up table or linear
regression model.
We defined the energy budget as follows:
Rn ¼ H þ LEþ Gþ J ð1Þ
where Rn, H, LE, G, and J are the net radiation at the
surface, the sensible heat flux, the latent heat flux, the
soil heat flux, and the change in heat storage in the
canopy layer, respectively. The Rn was calculated from
the 4-component radiometer observation. TheH and LE
were calculated by the eddy covariance method with
necessary corrections as described above. The G was
calculated from the observed values by a heat flux plate
at several cm depth in the soil. According to Ohta et al.
(2001), the J should be taken into account for theanalysis of diurnal variations; however, we discuss the
daily energy balance in the same way as their study, and
J is ignored as the storage of heat during the day is
canceled by energy released during the night. In our
site, the surface energy budget closure ratio, (H þ LE)/
(Rn  G) was 0.76e0.84, which corresponded to the
average value of energy closure (0.8) at FLUXNET
sites (Wilson et al., 2002). This suggests that the quality
of our flux measurement was sufficient for the quanti-
tative analysis of the energy and carbon budgets.
Moreover, there was a homogeneous stand of larch trees
northwest of the tower, the direction upwind for the
prevailing winds.
We defined the carbon budget as:
NEE ¼ GPPþ RE ð2Þ
where the NEE, GPP, and RE are the net ecosystem
exchange, gross primary production, and ecosystem
respiration, respectively. The NEE value is observed to
be negative depending on the amount of carbon
consumed from the atmosphere, whereas the value be-
comes positive depending on the amount of carbon
released into the atmosphere. The NEE was calculated
by the eddy covariance method with gap-filling and
necessary corrections as described above. The flux
partitioning for estimating GPP and RE from the NEE
by the carbon dioxide flux (Fc) data was applied using
the FAP. The RE was calculated as the function of air
temperature using nighttime Fc by the empirical model
of Lloyd and Taylor (1994). The GPP was determined
as the difference between the observed Fc and calcu-
lated RE using the FAP (Ueyama et al., 2012). We
sometimes found an apparent off-season CO2 uptake in
the calculated Fc by using open-path sensors when it
was physiologically unreasonable to expect it (e.g.,
Burba et al., 2008; Ono et al., 2008; Amiro, 2010;
Saigusa et al., 2012). We replaced all downward
(negative value) Fc with 0 fluxes during the dormant
season, defined as when the daily mean air temperature
was less than 5 C.
3. Results and discussion
3.1. Hydrometeorological conditions
The inter-annual variation and seasonal variation of
hydrometeorological conditions affect the energy,
water, and carbon budget, which interact with each
other. The annual mean air temperature was 0.13 C,
0.18 C, and 1.2 C in 2010, 2011, 2012, respec-
tively. The time series of monthly mean air
Fig. 2. Time series of (a) monthly mean air temperature, (b) monthly accumulated precipitation, and (c) monthly mean vapor pressure deficit from
2010 to 2012.
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Fig. 2a. The Ta in April 2010 was 3.1 C, which was
about 3.8 C lower than the 3-year mean (2010e2012),
and 4.9 C lower than the normal mean (1981e2010)
Ta at the Ulaanbaatar station. By the end of April 2010,
more than 7.8 million head of livestock (17% of
Mongolia’s livestock) had perished by “dzud” (an un-
precedented loss of livestock; OCHA, 2010). The Ta in
July 2010 was 2.1 higher than the 3-year mean.
The annual precipitation was 230 mm, 246 mm, and
317 mm in 2010, 2011, and 2012, respectively. Due toinstrumental failure, the winter precipitation (from
November to March) might be missing. The nearest
operational weather station from the UFRS is the
Ulaanbaatar station which is 50 km south. The normal
mean (1981e2010 mean) precipitation in winter
(November to March) was 17.3 mm, which corre-
sponds to about 6% of the annual precipitation
(281 mm) at the Ulaanbaatar station. Fig. 2b shows the
time series of monthly accumulated precipitation (P)
from 2010 to 2012. In June, July, August, and
September 2012, the P was 27, 11, 17, and 10 mm
Fig. 3. Time series of (a) monthly mean incident photosynthetically active radiation (PAR) and (b) PAR albedo from 2010 to 2012.
Fig. 4. Monthly mean soil temperature profile for the averaged
values from 2010 to 2012.
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P was higher than the other years in May and the P in
July 2010 was the same as in July 2012.
The vapor pressure deficit (VPD) is an important
parameter for the energy and carbon budgets through
the evapotranspiration and photosynthesis process. The
time series of monthly mean VPD from 2010 to 2012 is
shown in Fig. 2c. The VPD in April 2010 was lower by
0.1 kPa or less than the 3-year average, which was
likely due to the low Ta in April 2010. The VPD in
June and July 2010 was higher by 0.2 kPa or more than
the 3-year mean, which was likely due to the higher Ta
coinciding with lower precipitation in June and early
July 2010. The VPD in May 2011 was lower by
0.2 kPa or less than the 3-year mean, which may relate
to the lower Ta in May 2011. From June to August
2012, the VPD was lower by 0.1 or less than the 3-year
mean, which may have been related to the higher P
from June to August 2012.
The photosynthetically active radiation (PAR) at
wavelengths ranging from 400 to 700 nm had a close
relationship with photosynthesis. Kato and Tang
(2008) indicated that the PAR and air temperaturewere the most significant predictors of the annual NEE
based on their multiple regression and stepwise anal-
ysis of CO2 flux observations at 49 sites in terrestrial
Asia. The time series of incident monthly mean PAR
from 2010 to 2012 is shown in Fig. 3a. The incident
PAR from May to September in 2010 was
24e63 mmol m2 s1 higher than the PAR in 2011 and
Fig. 5. Time series of monthly mean surface soil water content at (a) 0.1 m depth and (b) the average value for 0e1-m depths from 2010 to 2012.
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September in 2010 was higher than the other years,
which was likely caused by lower precipitation in June
and early July 2010. The PAR albedo (the ratio of the
reflected PAR in the canopy to the incident PAR) is a
good indicator of the leaf area index and stomatal
conductance (Sakai et al., 1997). The time series of the
PAR albedo from 2010 to 2012 is shown in Fig. 3b.
From November to March, the PAR albedo was more
than 0.15, which suggests that the surface was covered
by snow. The PAR albedo dropped to less than 0.1 in
May, except in 2011, and remained low until
September, which suggests that leaves emerged in
May, and the strong absorption of PAR by photosyn-
thetically active leaves was maintained during this
period. Using image analysis of an in situ camera at the
top of the tower, we clarified the seasonal variation of
the surface conditions and phenology of the larch
forest. From November to March, there was continuous
snow cover on the surface. In late May, larch leaves
emerged and attained their mature size in July, andthen leaf senescence occurred in mid-September.
These features corresponded with the seasonal varia-
tion in PAR albedo as shown in Fig. 3b.
To clarify the existence of the permafrost under-
ground, the seasonal variation of the soil temperature
profile from the 3-year (2010e2012) average is shown
in Fig. 4. The soil temperature below a depth of 3 m
was about 0.2 to 0.9 C year round for more than 2
years, which suggests that there is permafrost below a
depth of 3 m. As our observation of soil temperature
was limited beyond 10 m depth, the thickness of the
permafrost was unknown, but was at least 7 m, which
the soil temperature was below 0 C more than 2 years
at depths from 3 m to 10 m according to our obser-
vation. The average thickness of the permafrost in the
continuous and discontinuous zone in valleys and de-
pressions is 50e100 m (Sharkhuu and Sharkhuu,
2012).
The soil water content in surface layers is the key
parameter for evapotranspiration and photosynthesis.
Fig. 5a shows the time series of monthly mean soil
Fig. 6. Time series of (a) monthly mean net radiation (Rn), (b) monthly mean sensible heat flux (H) and latent heat flux (LE), and (c) evapo-
transpiration (ET) and evaporative fraction (EF) from 2010 to 2012.
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to March, the SWC was less than 10% while it was
more than 15% from May to October. As the soil water
was frozen from November to March, the SWC
showed low value due to the quite lower dielectric
constant of the ice (3) than the liquid water (<81). The
sensitivity of the SWC sensor for the ice is quite lower
than the liquid water. The SWC in 2010 was about 2%
higher than other years from May to August. The P in
May 2010 was higher than other years and the P in Julywas the same as in 2012. The higher SWC in May to
August might be related to the higher P. The SWC in
September 2012 was about 2% higher than the same
time in other years, which was related to the larger P in
August and September 2012 than other years. To
clarify the contribution of SWC at the deeper layer, the
average SWC at 0.1e1.0 m depth is shown in Fig. 5b.
The SWC from June to August in 2010 was higher than
other years. The seasonal pattern of SWC at 0.1 m and
the average SWC at 0.1e1-m depths were similar.
Table 1
Comparison of albedo, evapotranspiration (ET), Bowen ratio, and evaporative fraction (EF) with other boreal forest sites.
Site Species Year Albedo ET (mm day1) Bowen ratio EF
Udleg,
Mongolia (48150N,
106500), This study
Larch
(Larix siberica)
2010e2012 0.22e0.40
(snow)
0.14e0.15
(JuneAug)
2.0e2.2
(JuneAug)
0.45e0.59
(JuneAug)
0.67
(JuneAug)
Yakutsuk, Russia
(61, 128),
Kelliher et al., 1997
Larch
(Larix gmelinii)
July, 1993 e 1.9 (14e27
July 1993)
1.24 (14e27
July 1993)
0.46
(14e27
July 1993)
Yakutsuk, Russia
(62050N, 129450),
Ohta et al., 2001, 2008
Larch
(Larix cajanderii)
1998e2006 0.22e0.27
(snow)
0.11e0.13
(no foliage)
1.5e2.3
(MayeSep)
1.10
(JuneAug)
0.48
(MayeSep)
Tomakomai, Japan
(42440N, 141310),
Hirano et al., 2003
Larch
(Larix kaempferi)
2001 0.20e0.22
(snow)
0.12e0.15
(JuneAug)
4.7
(JuneAug)
0.78
(JuneAug)
0.57
(JuneAug)
Hyytiala, Finland
(61510N, 24170E),
Launiainen, 2010
Scots pine
(Pinus sylvestris L)
2000 e 1.4
(JuleAug)
0.62
(JuleAug)
0.62
(JuleAug)
Saskatchewan, Canada
(53370N, 106120W),
Amiro et al., 2006
Aspen (Populus
tremuloides Michx.)
2001e2002 e 2.5
(MayeSep)
0.4e0.9
(MayeSep)
e
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As the Rn is an important parameter of the input
energy to the surface, the time series of monthly mean
net radiation is shown in Fig. 6a. The annual maximum
Rn was about 140 W m
2 and the minimum was 0 or
about 10 W m2 in the observation period. The inter-
annual variation of the Rn was small in the snow-free
period (from April to October) while it was slightly
greater in the snow-cover period (from November to
March).
The partition of the H and LE is most important for
clarifying the features of the energy budget. Fig. 6bFig. 7. Time series of monthly mean net ecshows the time series of the H and LE. The annual
maximum H was in May while the annual maximum
LE was in July. From October to May, the average
ratio of the H to the available energy (Ra: Rn  G) was
0.46, while the average LE/Ra was 0.15, which
shows that the H was the dominant component of the
energy budget during this period. On the other hand,
the average value of H/Ra was 0.28 from June to
September while the average value of LE/Ra was 0.52
which shows that the LE was the dominant component
of the energy budget during this period. The total P
from May to September was more than 95% of the
annual P. The large LE indicates largeosystem exchange from 2010 to 2012.
176 S. Miyazaki et al. / Polar Science 8 (2014) 166e182evapotranspiration, which is related to the high P and
SWC from May to September. Fig. 6c shows the time
series of evapotranspiration (ET) and evaporative
fraction (EF; the ratio of LE to the sum of LE and H).
The 3-year mean ET from June to August was
2.1 mm d1. The ET in April and May 2012 was higher
than the 3-year average, which may relate to higher
SWC. The ET in July 2010 was higher than the 3-year
average, which may relate to higher SWC. The ET in
August 2011 was higher than the 3-year average,
which was likely due to the high VPD. The ET in
September 2012 was higher than the 3-year average,
which may relate to the higher SWC. The mean EF
from June to August was 0.67 (2010e2012 average)
and ranged from 0.63 (2011) to 0.71 (2010), which was
higher than the EF (0.48 average and range from 0.379
to 0.678) observed in a larch forest in Siberia (Ohta
et al., 2008). The EF in July 2010 was about 0.9,
which was about 0.2 higher than the EF in July 2011
and 2012. The EF in September 2012 was about 0.9,
which was about twice the EF in 2010 and 2011, which
was likely due to the higher P in September 2012 than
in other years. The Bowen ratio (H/LE) ranged fromFig. 8. Time series of (a) monthly mean gross primary production an0.13 to 0.81 from June to August with large interannual
variation (figure was not shown). The summer (June,
July, and August) mean Bowen ratio at our site (0.53)
was much lower than at the other larch site (1.0e1.4;
Schulze et al., 1999; Ohta et al., 2001). Ohta et al.
(2008) pointed out that the Bowen ratio was lower
when the SWC was high. At our site, the summertime
SWC remained steady at approximately 20%, which
was higher than the SWC observed at the larch forest
in Siberia (Ohta et al., 2008). This suggests that the
continuously higher SWC kept the Bowen ratio lower
and the EF higher than at the other larch site.
To clarify the characteristics of the energy budget at
our site, the albedo and evapotranspiration-related pa-
rameters are compared in Table 1. The average albedo
(0.22e0.40) at the UFRS during the snow-cover period
(from November to March) and the growing season
(from June to August) was similar to those at a Sibe-
rian larch site (0.22e0.27; Ohta et al., 2008) and a
Japanese larch site (0.20e0.22; Hirano et al., 2003),
while the maximum albedo during the snow-cover
season was higher than at the other sites (Ohta et al.,
2008; Hirano et al., 2003). The ETd (b) monthly mean ecosystem respiration from 2010 to 2012.
177S. Miyazaki et al. / Polar Science 8 (2014) 166e182(2.0e2.2 mm d1) at the UFRS was higher than the
Scots pine site (1.4 mm d1; Launiainen, 2010) or
similar to the Siberian larch site (1.9 mm d1; Kelliher
et al., 1997; 1.5e2.3 mm d1; Ohta et al., 2008) and
the aspen forest site (2.5 mm d1; Amiro et al., 2006)
but lower than the Japanese larch site (4.7 mm d1;
Hirano et al., 2003). The growing season Bowen ratio
was lower than at the other larch sites, and the growing
season EF was higher than at the other larch sites, but
lower than that for a Scots pine forest in Finland. This
suggests that the larch in Mongolia partitioned more
energy into the latent heat flux than at the other larch
sites, which is related to the lack of a reduction in the
SWC during the growing season.
3.3. Carbon budget in response to hydrometeorolog-
ical conditions
The time series of the NEE is shown in Fig. 7. A
large carbon uptake (negative values of NEE) was
noted from June to September for all years when the
LE was greater than or similar to the H in the energy
budget (Fig. 6b). In May 2011, the NEE was positive,
which means that carbon was released from the surface
while the NEE in the other years was negative, which
means that carbon was taken up. In May 2011, the PAR
albedo was higher than the other years and the Ta was
lower than the other years. It is likely that the cooler
climate suppressed the photosynthetic activity, and
thus the leaves did not emerge in May 2011. In June
2010, the NEE was higher (lower absolute value) by
0.89 than the 3-year mean. The P and VPD in JuneTable 2
Comparison of the net ecosystem exchange (NEE), gross primary production
Site Species Year
Udleg, Mongolia (48150N, 106500),
This study
Larch
(Larix siberica)
2010
Mongomorit, Mongolia
(48210N, 108390), Li et al.,
2005; Hirata et al., 2008
Larch
(Larix siberica)
2003
Tura, Russia (64120N,
100270), Nakai et al., 2008
Larch
(Larix gmelinii)
2004
Yakutsuk, Russia (62050N,
129450), Dolman et al., 2004
Larch
(Larix cajanderii)
2001
Laoshan, China (45020N,
127340), Wang et al., 2008
Larch
(Larix gmelinii)
2004
Tomakomai, Japan (42440N,
141310), Hirata et al., 2007
Larch
(Larix kaempferi)
2001
Hyytiala, Finland (61510N,
24170E), Lagergren et al., 2008
Scots pine
(Pinus sylvestris L.)
2000
Saskatchewan, Canada (53370N,
106120W), Amiro et al., 2006
Aspen (Populus
tremuloides Michx.)
20012010 were the lowest in the 3 years while the Ta,
incident PAR, and SWC were higher than that other
years. The reason for the high NEE was unclear. As the
flux measurement failed in June 2010, a gap-filled
value was used. Therefore, there might be some error
in these data. In August 2010, the NEE was more
negative by 0.6 gC m2 d1 than the 3-year mean, while
the incident PAR, VPD, and EF was higher than the 3-
year mean. This suggests that the higher incident PAR
enhanced photosynthesis and transpiration. In
September 2012, the NEE was lower (higher absolute
value) by 0.87 gC m2 d1 than the 3-year mean. The
EF in September 2012 was about double that of the
other years. The SWC and P in September 2012 were
higher than that in other years. These were favorable
conditions for active photosynthesis. The daily inte-
grated NEE ranged between 6.9 gC m2 d1 (10 July
2011) and 5.5 gC m2 d1 (23 March 2011). The
maximum carbon uptake in July (6.9 gC m2 d1) at
our site was larger than the carbon uptake observed at
another larch site in Mongolia (4.0 gC m2 d1; Li
et al., 2005) and at a larch site in East Siberia
(4.5 gC m2 d1; Dolman et al., 2004) and in Central
Siberia (2.0 gC m2 d1; Nakai et al., 2008).
Fig. 8a and b shows the time series of the GPP and
RE, respectively. The GPP and RE were estimated by
the flux-partition method shown in Section 2. In June
2011, the GPP was larger by 0.87 gC m2 d1 than the
3-year mean. The VPD in 2011 was the highest of the 3
years. This suggests that the higher GPP may relate to
higher atmospheric demand. In July and August 2012,
the GPP was lower by 1.2 and 0.8 gC m2 d1 than the(GPP), and ecosystem respiration (RE) with other boreal forest sites.
NEE
(gC m2 y1)
GPP
(gC m2 y1)
RE
(gC m2 y1)
e2012 132 to 257 681e703 423e571
e2005 120 to 150 450e600 340e450
76 (JuneSep) e e
160 e e
146 1351 1207
e2003 164 to 249 1636e1742 1413e1478
e2005 199 1047 e
e2002 139 to 361 e e
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August 2012 was lower by 0.2 kPa and 0.1 kPa than the
3-year mean, respectively. The P in July and August
2012 was higher by 11 mm and 17 mm than the 3-year
mean, respectively. This suggests that the higher P and
lower VPD suppressed photosynthetic activity. In
September 2012, the GPP was 2 and 3 times larger
than the GPP in 2010 and 2011, respectively. The P in
September 2012 was 2 and 6 times larger than the P in
September 2010 and 2011, respectively, and the sur-
face SWC in September 2012 was higher than other
years. This suggests that the wet surface raised the
photosynthesis activity and ET compared to the other
years.
As described in Section 2.3, the RE was calculated
as a function of air temperature using nighttime Fc by
the empirical model of Lloyd and Taylor (1994).
Therefore, air temperature is the most important factor.Fig. 9. Response of (a) latent heat flux (LE) and (b) net ecosystem exchang
(d) NEE to the soil water content.The RE in June, July, and August in 2012 was lower by
0.4, 1.2, and 0.6 gC m2 d1 than the 3-year mean. The
Ta and incident PAR from June to August 2012 were
lower than in other years, while the P was the highest
among the 3 years. This suggests that the lower RE
from June to August 2012 may be related to a cooler
climate. The RE in August 2011 was higher than in the
other years. It is likely to be related to the higher Ta due
to lower precipitation from June to August 2011 than
in the other years.
Table 2 compares the annual carbon budget with
those of other larch sites. The annual NEE in 2011
(132 gC m2 y1) was similar to that of larch trees at
other larch sites in Mongolia (120 to
150 gC m2 y1; Li et al., 2005; Hirata et al., 2008), in
Siberia (160 gC m2 y1; Dolman et al., 2004), and in
China (146 gC m2 y1; Wang et al., 2008). The
annual NEEs at our site in 2010 and 2012 (235 ande (NEE) to the vapor pressure deficit, and the response of (c) LE and
179S. Miyazaki et al. / Polar Science 8 (2014) 166e182257 gC m2 y1) were similar to that of a Japanese
larch forest (249 gC m2 y1; Hirata et al., 2007) and
aspen forest in Canada (250  67 gC m2 y1; Amiro
et al., 2006). The average NEE over the 3 years in our
study (208  67 gC m2 y1) was similar to that of a
Scots pine forest in Finland (199  67 gC m2 y1;
Lagergren et al., 2008) but more negative than the
value in a previous study of a deciduous needleleaf
forest (144.7  49.8 gC m2 y1; Kato and Tang,
2008) and in a boreal semiarid climate
(178 gC m2 y1; Luyssaert et al., 2007). The GPP
(680e702 gC m2 y1) at our site was smaller than in
Chinese (1351 gC m2 y1; Wang et al., 2008) and
Japanese (1636e1742 gC m2 y1; Hirata et al., 2007)
larch sites and the Scots pine site (1047 gC m2 y1;
Lagergren et al., 2008). The annual RE ranged from
423 to 571 gC m2 y1. As our site is located on a gentle
slope (5), the nighttime respiration might flow
downslope, making it difficult to capture at the top of
the tower. Therefore, there is a possibility of the un-
derestimation of nighttime respiration. However, it is
difficult to estimate that amount with our instruments.
The average GPP during the 3 years of our study
was much smaller than the GPP of a deciduous nee-
dleleaf forest (968.3  458.3 gC m2 y1; Kato and
Tang, 2008) and a boreal semiarid climate
(1201  23 gC m2 y1; Luyssaert et al., 2007).
To improve the understanding of the energy and
carbon processes, we investigated the response of the
LE and NEE to hydrometeorological conditions.
Fig. 9a and b shows the response of the LE and NEE to
the VPD, respectively. There was a significant positive
correlation between the VPD and LE (r ¼ 0.81
(r2 ¼ 0.66), p < 0.01), and significant negative cor-
relation between the VPD and NEE (r ¼ 0.69
(r2 ¼ 0.47), p < 0.01). This suggests that the VPD was
the controlling factor for both the LE and NEE. Li
et al. (2005) pointed out that NEE was reduced when
VPD was high (1.2 kPa for the daily NEE); there was
no such reduction in our analysis. As we used monthly
values, the maximum VPD was less than 1.2 kPa.
Fig. 9c and d shows the response of the LE and NEE to
the SWC, respectively. As the sensitivity of the SWC
during the frozen soil period from November to March
was quite lower than the liquid soil water period from
April to October, we removed the points during the
frozen soil period from Fig. 9c and d. There was a
significant positive correlation between the SWC and
LE (r ¼ 0.61 (r2 ¼ 0.37), p < 0.01), and a significant
negative correlation between the SWC and NEE
(r ¼ 0.56 (r2 ¼ 0.32), p < 0.01). This suggests that
the SWC was the controlling factor for both the LE andNEE. The relation between the daily NEE and SWC
was not linear, and drought stress caused by low soil
water content was not an important factor for the NEE
during the growing season at another larch site in
Mongolia (Li et al., 2005). As we used the monthly
value, the linear response of the NEE to the SWC
might be more than that found by using scattered daily
values.
4. Conclusions
We measured the interannual variation and sea-
sonal variation of hydrometeorological conditions,
and the energy and carbon budgets of a larch forest
on permafrost in northeastern Mongolia based on 3
years of observations (2010e2012). The annual mean
T and annual P ranged from 0.13 C to 1.3 C and
from 230 mm to 310 mm, respectively. The VPD in
June and July 2010 was larger than other years, which
was probably caused by the higher air temperature
and lower precipitation in June and early July 2010.
The PAR in June and July 2010 was larger than in
other years, which was probably caused by lower
precipitation in June and early July 2010. There was
permafrost starting at a depth of 3 m according to
the long-term observation of a soil temperature
profile. From November to March, the SWC was less
than 10%, while it was about 20% from May to
October when most of the annual P was provided.
The H was the dominant component of the energy
budget from October to May while the LE was
dominant from June to September. The Bowen ratio
was less than 1.0 from June to September when the
NEE showed large carbon uptake coinciding with
high precipitation and a high SWC. The annual NEE,
GPP, and RE were 131 to 257 gC m2 y1,
681e703 gC m2 y1, and 423e571 gC m2 y1,
respectively. Differences in the seasonal pattern of Ta,
P, and VPD affected the annual energy and carbon
budgets of the 3 years. There was a significant posi-
tive correlation between the VPD and LE (r ¼ 0.81
(r2 ¼ 0.66), p < 0.01), and a significant negative
correlation between the VPD and NEE (r ¼ 0.69
(r2 ¼ 0.47), p < 0.01). There was a significant pos-
itive correlation between the SWC and LE (r ¼ 0.61
(r2 ¼ 0.37), p < 0.01), and a significant negative
correlation between the SWC and NEE (r ¼ 0.56
(r2 ¼ 0.32), p < 0.01).
In our site, we measured the growth in diameter of
trees at breast height using a dendrometer and tree ring
core samples, and used a sap flow meter to measure the
transpiration of larch trees. Further analysis using these
180 S. Miyazaki et al. / Polar Science 8 (2014) 166e182data may help to improve our understanding of the
biological processes of Mongolian larch trees.
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